The possible use of poly(ethylene naphthalate) as substrate for thin silicon solar cells has been studied in this paper. The transparency of this polymer makes it a candidate to be used in both substrate and superstrate configurations. ZnO:Al has been deposited at room temperature on top of PEN. The resulting structure PEN/ZnO:Al presented good optical and electrical properties. PEN has been successfully textured (nanometer and micrometer random roughness) using Hot-Embossing Lithography. Reflector structures have been built depositing Ag and ZnO:Al on top of the stamped polymer. The deposition of these layers did not affect the final roughness of the whole. The reflector structure has been morphologically and optically analysed to verify its suitability to be used in solar cells.
Introduction
The use of flexible plastic substrates is becoming an issue of great interest in thin film silicon solar cells technology, as they can contribute to cost reduction in the production process being compatible with the use of roll-to-roll deposition systems and with large area deposition [1] . If we compare their properties with those of flexible metallic substrates commonly used in roll-to-roll processes, polymer substrates turn to be cheaper and to make the serial interconnection between modules simpler. Besides, if the chosen polymer is transparent enough, the configuration of the device is not substrate-limited, as it can be used in both substrate (n-i-p) or superstrate (p-i-n) configurations.
The need to reduce time and costs -thus, to reduce the thickness of the intrinsic layer-has highlighted the role of light trapping strategies, like the use of textured front contacts and/or back reflectors, that allow enhanced light absorption in thinner devices [2] . Additionally, a reduction in the active layer of the devices also enhances the open circuit voltage and the fill factor due to enhanced carrier collection. Light trapping can be achieved by using either a textured Transparent Conductive Oxide (TCO) or a textured substrate (glass or plastic). Furthermore, these benefits arisen from the use of textured substrates to increase light confinement are also promising for the new solar cell technology based on organic semiconductors.
Our goal is the use of poly(ethylene naphthalate) (PEN) as substrate in thin film silicon solar cells. This work is a preliminary technological step in such development focusing, on one hand, on the deposition of TCO layers (ZnO:Al) on top of PEN. On the other hand, our approach to light trapping using polymer substrates will be to transfer controlled roughness to the PEN substrate by Hot-Embossing Lithography (HEL) aiming to a future use in PEN/metal/TCO/n-i-p/TCO structured solar cells. This imprinting technique allows the reproduction of a surface on a plastic substrate heated above its glass transition temperature (T glass ). Besides, both the capability to produce repeatable features over a large area and the fact that a given master can be used several times make HEL a very interesting technique [3, 4] .
The choice of the most suitable plastic substrate was a crucial aspect in this work, as it must be "texturable" by HEL and compatible with our state-of-the-art device-quality silicon thin film deposition. PEN is a semi-crystalline, thermoplastic polyester material, with a T glass ~ 125ºC, but a working temperature up to 155ºC [5] . It has good optical clarity -what makes it a feasible candidate both p-i-n and n-i-p structures-, and is chemically resistant to most diluted acids and organic solvents [6] .
In this paper we present results concerning the optimisation of the structural, optical and electrical properties of ZnO:Al layers deposited on PEN, comparing the results with those achieved on glass. Additionally, results regarding random roughness transference on PEN using HEL are also presented. Morphological analysis has been carried out to verify the reproducibility of the master in the stamping process and the conservation of the texture with the subsequent depositions. Reflector structures (PEN/Ag/ZnO:Al) on textured polymer have also been studied optically.
Experimental
The ZnO:Al samples have been deposited by rf magnetron sputtering at room temperature, i.e. with no intentional heating, on PEN (0.125 mm-thick) and Corning glass on the same run. The target used was ZnO:Al 2 O 3 (98:2 wt%, 99.999% purity).
Different rf power values have been considered using an Ar gas pressure of 3·10 -3 mbar.
Structure of the samples was analysed by X-Ray Diffraction (XRD) in a BraggBrentano /2 configuration Siemens D-500 diffractometer. Dark conductivity at room temperature ( RT ) and Hall measurements were performed to evaluate the electrical properties of the TCO layers.
Imprinting of the polymers was performed using a Jenoptik HEX 01 hot embossing system. In this system, the master, whose surface is to be transferred, is placed on top of the polymer (PEN, 0.125 mm-thick). The entirety is, then, heated above the polymer
T glass , what causes the polymer to soften, making it able to adopt the master surface after applying a force during a set time. Finally, the polymer-master set is cooled below T glass before the master can be carefully released. The observable features transferred on the polymer substrate are, thus, the negative of the texture of the master. Embossing conditions used are listed in Table 1 .
Two different masters with random, disordered structures were used, one in the micrometric range (commercially available frosted glass, HF etched to produce the frosted appearance) and one in the nanometric range (Asahi U-type TCO from Asahi Glass Co.). RMS roughness values measured for the masters were 36 nm for the Asahi-U master, and 2.74 m for the frosted glass one, respectively, as can be seen in Table 3 . scattered by a rough surface [7] , using a wavelength of 633 nm. Using this configuration, the ADF is defined as the ratio between the energy measured per solid angle unit (E/ det ) and the total energy (E tot ). For the random structures analysed, a spherical symmetry around the axis determined by the incident beam is assumed. This symmetry allowed us to determine all the scattered light measuring in a circle around the sample only and, thus, to calculate the reflection haze parameter (H R ), which is defined as the ratio between the reflected scattered light and the total reflected light.
Results and discussion

ZnO:Al on PEN at low temperature
A series of samples has been deposited simultaneously on glass and PEN without any intentional heating of the substrate at P = 3·10 -3 mbar, and changing the rf power used between 60 and 120 W, what in our case caused a variation in the power density between 3 and 6 W/cm 2 . Good adherence to the substrate was observed, regardless the substrate considered. Nevertheless, bending of the PEN substrates, not possible in the case of the glass ones, indicated compressive stress. This difference between the two substrates was evidenced as a shift in the (002) peak position in the XRD spectra. Table   2 summarises the information extracted from XRD measurements at 60 and 120 W: the (002) peak position (2), the grain size (g s ) and the c-lattice parameter (c). Only the peak corresponding to preferential orientation perpendicular to the substrate plane (002) was observable in all cases (2 ~ 34.42º). Estimation of g s resulted in values between 25
and 47 nm, the highest the power used, the largest the grains. This fact could be due to increased surface mobility caused by higher ion bombardment during deposition, what seemed to be more efficient than thermal energy to promote the growth of bigger crystallites. Crystallite sizes of ~ 45 nm obtained here are significantly larger than the 28 nm in [8] for a sample deposited at 90ºC and the 18 nm for that at room temperature.
The main difference between both experiments is the much higher power density used in our case (6 W/cm 2 vs. 0.22 W/cm 2 ). Besides, no significant difference in the grain size was observed between the two substrates considered, especially at high power.
The shift in the (002) peak position was mainly attributed to higher stress of the layers deposited on glass, which cannot release their internal stress by significantly deforming the substrate. This shift was more pronounced in those samples deposited at higher rf power, what was consistent with a general trend in physical deposition processes, to increase the stress of the samples by increasing the energy of the particles. From these results, we could conclude that the electrical properties obtained also pointed to the feasibility of the future use of PEN/ZnO:Al structures as substrates for solar cells.
Texturing PEN by Hot Embossing Lithography
A standard approach in light confinement is the use of textured TCO on a flat substrate [9] . An alternative approach is the use of textured substrates, which has been yet tested on glass [10] and on poly(ethylene terephthalate) (PET) using photolithographic processes or plasma etching of the PET substrate [11] . In our case, the goal of our study was to transfer controlled roughness to PEN by Hot Embossing
Lithography. The stamping conditions used to reproduce the master texture are shown in Table 1 . As it can be seen there, slightly higher embossing conditions (higher applied force) were necessary to reproduce the nanometric scale texture of Asahi-U.
Masters and stamped polymers have been morphologically analysed to check the efficiency of the transfer process. Fig. 3 shows the interferometry and AFM images of the masters and of PEN textured using both masters. A comparison between the stamped PEN surfaces and those of the masters used in the process showed similar aspect. No significant difference was observed in the RMS roughness values, presented in Table 3 , between master and stamped polymer, either having used frosted glass (roughness of a few micrometers) or Asahi-U (roughness of tens of nanometers), taking into account that the stamped surface is the negative of the master's. It is observable in Fig. 3 that Asahi-U's surface was not optimally transferred on the PEN. This fact can be attributed to some problem during the release of the master. If smaller selected areas were analysed -as shown in the PSD graphs in Fig. 4 -, good transfer and better agreement between RMS roughness values was reached. In Fig. 4a , looking at the PSD corresponding to the images in Fig. 3 (textured PEN and negative of the master, 5 m × 5 m), good agreement was observed for  ≥ 1 m, indicating that structures with this periodicity were correctly transferred. Conversely, when a smaller surface was analysed (Fig. 4b, 1 m × 1 m) , the curves from master and textured polymer were much similar, evidencing a good correspondence between both surfaces. These troubles could be avoided by some anti-adhesion coating of the master.
Results shown indicated the viability to use hot embossing as imprinting technique to reproduce a random texture on PEN, whose working temperature is compatible with silicon deposition, regardless the dimensions of the roughness used. The viability to use HEL to reproduce random roughnesses on polymers more commonly used in imprinting process like poly(methyl methacrylate) (PMMA) has already been demonstrated [7] .
Reflectors
The morphological effect of the deposition of the two layers constituting the reflector (Ag and ZnO:Al) was studied independently. In Table 3 Table 3 . In general, good agreement is found between the values obtained in all cases, RMS roughness values around 40 nm were measured when the master considered was Asahi-U, and close to 2.8 m when frosted glass was used. The slight disagreement seen in the value measured on PEN textured using frosted glass coated with Ag can be attributed to the fact that the surfaces measured did not correspond to the same point or to the part of the master facing the polymer in the same point. Therefore, it could be concluded that the deposition of an Ag/ZnO:Al reflector structure on top of the stamped PEN did not affect significantly the roughness of the whole, regardless the roughness size considered. with Asahi-U and frosted glass, respectively, also coated with Ag/ZnO:Al. Table 4 shows the H R values for the different structures studied. Analysing the ADF figures, it can be seen that no significant difference was observed in the case of the frosted glass between positive (master) and negative (textured polymer) of a certain texture. In fact, could be the cause of such a large increase.
Results up to now suggest that back reflectors deposited on top of PEN textured using HEL can be used as substrates for solar cells. Further work needs to be done to identify the optimal roughness in every situation, depending on the material considered and on the thickness of the active layer of the solar cell.
Conclusions
The viability to use PEN as substrate for solar cells has been studied in this paper. 
